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MinireviewWalking the Walk: Migration
and Other Common Themes
in Blood and Vascular Development
and may reflect the general importance of VEGF signal-
ing in tissue migration. In this review, we discuss several
common themes shared between invertebrate and ver-
tebrate blood forming systems, with an emphasis on
the role of VEGF in each. Since VEGF signaling in verte-
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brates predominantly functions in vascular networks,
which flies lack, the current paper also provides insight
into the evolutionary divergence of blood and bloodIn this issue of Cell, a study by N. Cho and coworkers
vessels.provides insight into the role of vascular endothelial
Kissing Cousins: The Relationship of Bloodgrowth factor (VEGF) signaling in Drosophila hemato-
and Endothelial Cellspoiesis (Cho et al., 2002). Their work suggests that an
The simultaneous appearance and close apposition ofancestral function of VEGF was to guide blood cell
nascent endothelial and blood cells in mammalian em-migration and highlights the conservation of at least
bryos suggest they may share a common progenitor.one aspect of VEGF signaling during evolution.
Blood and endothelial cell development has been exten-
sively characterized in the mouse, where hematopoiesisIn vertebrates, hematopoiesis and vasculogenesis are
and vasculogenesis are first observed in blood islandsintertwined and often codependent processes. This inti-
of the extraembryonic yolk sac (YS) at day 7.5 post-mate relationship led to the postulate of the hemangio-
coitum (E7.5). The blood islands consist of nucleatedblast, a cell type able to generate both blood and endo-
erythroid cells surrounded by endothelial cells (Figurethelial cells through daughter hematopoietic stem cells
2B). Macrophage progenitors are produced in the YS,(HSCs) and angioblasts, respectively. Whether both lin-
and mature macrophages subsequently disperseeages ultimately derive from a common progenitor is
throughout the embryo by physical migration before cir-controversial; however, it is clear that their early precur-
culation begins. Early blood and endothelial precursorssors are generated in similar anatomical locations and
share a similar pattern of gene expression, with bothshow strikingly similar gene expression profiles. Mem-
lineages expressing VEGFR-2 (Flk-1), CD34, Tie-2,bers of the vertebrate vascular endothelial growth factor
GATA-2, LMO-2, and SCL (Keller et al., 1999). Mouse(VEGF) receptor family are expressed by both precur-
embryonic stem (ES) cells cultured under specific condi-sors and play critical roles in the generation of the em-
tions express VEGFR-2 and produce clonal populationsbryonic vasculature (reviewed in Ferrara, 1999). Recent
of blood and endothelial cells (Keller et al., 1999; Nishi-work has also shown that the VEGF signaling system is
kawa, 2001). Targeted disruption of the murine VEGFR-2important in early blood formation, and disruption of
gene results in catastrophic defects in both YS hemato-specific VEGF receptors or their cognate ligands results
poiesis and vasculogenesis, suggesting that signalingin profound defects in both vasculogenesis and hemato-
through VEGFR-2 is important for hemangioblast devel-poiesis.
opment. Although formally not proven from clonal stud-The first wave of hematopoiesis in Drosophila consists
ies, together these data support the development of YSof organized migrations of blood cells (hemocytes) from
blood and blood vessels from a common hemangioblas-head mesoderm throughout the developing embryo
tic progenitor.
(Tepass et al., 1994). In their paper in this issue, Cho et
Primitive Hematopoiesis
al. (2002) show that embryonic hemocytes express an
Hematopoiesis in many organisms can be roughly di-
ortholog of mammalian VEGF receptors that is required vided into two phases, a primitive embryonic phase fol-
for hemocyte dispersion. They also find that three VEGF lowed by a definitive phase where all adult cell types
orthologs are expressed along hemocyte migration are produced. As discussed below and schematically
routes, and that ectopic expression of a VEGF ligand represented in Figure 1, distinct embryonic tissues sup-
results in hemocyte chemotaxis to its source. Inactiva- port each major wave of blood cell production. The fly
tion of single VEGF ligands showed no significant migra- hematopoietic system undergoes multiple waves of he-
tion defects, but inactivation of all three by RNA interfer- matopoiesis in anatomically disparate sites. The first
ence phenocopied the receptor mutant, suggesting that hemocytes that arise in Drosophila embryogenesis de-
the ligands function redundantly in hemocyte recruit- rive from procephalic mesoderm (Tepass et al., 1994)
ment. In vertebrates, VEGF is known to similarly recruit and generate at least two lineages, plasmatocytes and
mononuclear phagocytes to sites of inflammation. It has crystal cells (Figures 2K and 2L). Plasmatocytes give
also been hypothesized that VEGF signaling directs the rise to macrophages (Lanot et al., 2001) that efficiently
localization of blood and vascular progenitors during engulf microbes and apoptotic corpses. Crystal cells
murine embryogenesis, but the new data from Drosoph- sequester pathogens or aberrant tissues through a mel-
ila provide the first clear evidence that it does play such anization reaction that may be analogous to the forma-
a role. The primary function of VEGF as a chemoattrac- tion of granulomas in mammals. The development of
tant for early blood cells in Drosophila may thus have all hemocytes from embryonic mesoderm requires the
been maintained to localize embryonic hemangioblasts, GATA ortholog, serpent (Rehorn et al., 1996), whereas
the Runx-1 (Aml-1) ortholog, lozenge, is specifically re-
quired for specification of crystal cells (Lebestky et al.,1Correspondence: zon@rascal.med.harvard.edu
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mesonephros (AGM) region (Figures 2A and 2C). Begin-
ning around E10.5 in the mouse, hematopoietic activity
can be found within the AGM (Medvinsky et al., 1993).
In situ hybridization studies in mice, chick, and zebrafish
have revealed that c-Myb and Runx-1 are expressed in
the ventral wall of the dorsal aorta, and labeling studies
in the chick suggest that this population, termed hemo-
genic endothelial cells, generate blood precursors (Jaf-
fredo et al., 2000).
The YS and AGM regions only transiently harbor
HSCs, and by E12 both are devoid of hematopoietic
activity. Unlike the autonomous development of HSCs
in the YS and AGM, subsequent hematopoietic sites in
the mouse are seeded by migrating cells (reviewed in
Palis and Yoder, 2001). The fetal liver is populated by
circulating HSCs and becomes the predominant site of
blood production during midgestation, producing the
first full complement of definitive, adult-type effector
cells. Shortly afterward, hematopoiesis is evident in the
fetal spleen, and ultimately resides in bone marrow (Kel-
ler et al., 1999) (Figure 1A).
Shifting hematopoietic sites are also seen in zebrafish,
where blood precursors are found in a site resembling
the mammalian AGM (Figures 1B and 2H–2J) following
primitive hematopoiesis in the ICM. Zebrafish blood
cells appear in intimate contact with the dorsal aorta,
and can be distinguished as blood by the expression of
definitive hematopoietic genes such as c-Myb (Figures
2H–2J) and Runx-1. The zebrafish AGM similarly gener-
Figure 1. Sequential Sites of Hematopoiesis during Development ates blood cells for only a short period of time, from
Hematopoietic ontogeny in mice (A), zebrafish (B), and Drosophila approximately 30 to 40 hr post-fertilization (hpf). After
(C). Cartoon macrophage denotes primitive myeloid cells. wpf, this time, blood production shifts to the kidney, which
weeks post-fertilization; HE, hemocyte anlage. See text for details.
serves as the definitive hematopoietic organ for the re-
mainder of adult life (Figure 1B). The role of VEGF in
hematopoietic cell migrations has not been investigated2000) (Figures 2K and 2L). Mutant analyses suggest that,
in zebrafish.
although macrophages are specified and differentiate
Following the initial embryonic wave of hemocyte pro-
into phagocytic cells, VEGF signaling is required for
duction in Drosophila, hematopoiesis shifts to a special-
macrophage migration. Whether the VEGF pathway
ized structure termed the lymph gland (Figure 1C). The
plays a role in the genesis, dispersal, and function of lymph gland is positioned adjacent to the dorsal vessel,
crystal cells remains to be addressed. the larval heart equivalent, and is thought to be the
Do the embryonic hemocytes of Drosophila corre- major source of all mature blood cell types. This site of
spond to a wave of vertebrate blood cells? Recent stud- multilineage hematopoiesis near the dorsal circulatory
ies in the zebrafish may provide a key link between flies organ may correspond to the vertebrate AGM region. A
and mammals. Like in flies, early myeloid progenitors in major difference, however, is that lymph gland hemato-
zebrafish arise from cephalic mesoderm (Herbomel et poiesis is not transient, but occurs from early larval
al., 1999; Bennett et al., 2001), (Figures 2D and 2E). stages onward. The origin of adult hematopoiesis in
Macrophages and granulocytes mature on the YS (Ben- Drosophila is likely the lymph gland, but this has not
nett et al., 2001) (Figures 2F and 2G), then migrate been firmly established.
throughout the embryo to actively remove apoptotic Shifting sites of hematopoiesis is a common theme
cells (Herbomel et al., 1999). Erythroid precursors are in embryogenesis amongst widely divergent organisms.
simultaneously generated from ventral posterior meso- It is not clear why this strategy has evolved. Different
derm and form a structure termed the intermediate cell anatomical locations could either specify distinct HSC
mass (ICM) (Figures 2E and 2F). Primitive myeloid cells populations or differentially support migrating HSCs.
in both flies and fish are thus specified from cephalic Distinct populations of HSCs are specified in the murine
mesoderm and play similar roles in tissue remodeling YS and AGM, and transplant experiments in frogs (re-
within the developing embryo. These populations may viewed in Zon, 1995) and birds (reviewed in Dieterlen-
be analogous to the primitive macrophages produced Lievre et al., 1996) have similarly shown that different
in the mammalian YS. embryonic sites produce independent HSC subsets.
Definitive Hematopoiesis Multiple hematopoietic sites may have evolved to meet
In mammals, definitive, multilineage hematopoiesis is the metabolic needs of the rapidly developing embryo.
first observed within the embryo proper. Similar to the Experiments in the mouse comparing transplant recon-
YS, an intimate relationship between blood and endo- stitution potentials of precirculation YS and AGM ex-
plant cultures showed that the AGM could contributethelial cells also exists in the mammalian aorta/gonad/
Minireview
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Figure 2. Comparison of Hematopoietic
Sites among Mammals, Zebrafish, and Flies
(A–C) Early blood development in mammals.
(A) 5-week human embryo. (B) Cross-section
of E8.5 murine YS blood island. Primitive ery-
throid precursors (arrow) are surrounded by
an outer endothelial lining (open arrow). (C)
Transverse section of the dorsal aorta (DA)
showing expression of the blood-specific
CD45 molecule on cells adjacent to the ven-
tral wall (arrow). Endothelial cells line the lu-
men (open arrow). (A) and (C) provided by
M. Tavian and B. Peault and reprinted with
permission from Blood 87, 66-72; (B) pro-
vided by J. Palis.
(D–J) Early blood development in zebrafish.
(D) PU.1 expression in primitive myeloid cells
at 12 hpf (open arrow), anterior to the left,
dorsal side up. (E) PU.1 staining at 14 hpf.
Note positive cells in the developing ICM
(arrow). (F) Ventral view of (E). (G) At 15 hpf,
cephalic myeloid cells migrate across the YS.
(H). c-Myb expression at 36 hpf (arrow). (I) Magnified view of (H); N, notochord. (J) 36 hpf section showing c-Myb expression in the ventral
wall of the dorsal aorta (arrow). (D–G) provided by G. Lieschke; (H–I) by J. Galloway, C. Erter, and L.I. Zon; and (J) reprinted with permission
from Developmental Biology 197, 248–269.
(K–N) Early blood development in Drosophila. (K) Schematic representation of stage 11 embryo, anterior to the left and dorsal side up. Br,
brain; ccp, crystal cell precursors; he, hemocyte precursors; lg, lymph gland; ms, mesoderm; vc, ventral nerve cord. (L) Stage 13 embryo
stained for serpent (red) and lozenge (green). (M) Schematic representation of a third instar larva; dv, dorsal vessel. (N). Larval lymph gland
stained for serpent (red; arrows). (K–N) provided by V. Hartenstein and U. Banerjee. See text for details.
to definitive hematopoiesis in lethally irradiated adult YS, AGM, fetal liver, and bone marrow possess hemato-
poietic potential (reviewed in Nishikawa, 2001). Rathermice, whereas YS transplants could not (Cumano and
Godin, 2001). Importantly, the YS contains HSCs with than one system giving rise to the other, a more likely
explanation of vascular ontogeny may be that ventraldefinitive potential, but they require residence in the fetal
liver to acquire the capability to engraft adult recipients mesoderm acquired the potential to generate blood cells
through a series of multipotent intermediates, one of(Palis and Yoder, 2001). This finding suggests that shift-
ing hematopoietic sites also provide new environments which then acquired endothelial potential. Rare heman-
gioblast and hemogenic endothelial cells harboring bothto differentially support migrating HSC populations. This
idea is strengthened by studies of murine fetal liver and potentials may thus represent this ancestral cell type.
VEGF Signaling in Hematopoiesisadult bone marrow, where each instructs different cell
fates from lineally related HSC populations. Fetal liver and Vasculogenesis
VEGF signaling in vertebrates is critical for the develop-HSCs give rise to  T lymphocytes and B-1 B lympho-
cytes, whereas adult HSCs do not. Additionally, the ra- ment of blood vessels (vasculogenesis), the elaboration
of vascular networks from existing vessels (angiogen-tios of cell types produced in each organ are quite differ-
ent. Taken together, shifting hematopoietic sites may esis), the generation of blood cells, and the homing
of leukocytes to sites of inflammation (Ferrara, 1999;have evolved to both provide distinct subsets of early
HSCs and new environments in which to generate the Yancopoulos et al., 2000). The VEGF gene family has
at least five members in mammals, including VEGF-A,cell types needed at specific stages of development. It
remains to be determined whether the Drosophila lymph VEGF-B, VEGF-C, VEGF-D, and placenta growth factor
(PlGF) in humans (reviewed in Ferrara, 1999). These se-gland reinitiates hematopoiesis de novo or whether it is
seeded by migrating cells. This question can be ad- creted molecules bind distinct receptor tyrosine kinases
(RTKs), including VEGFR-1 (Flt-1), VEGFR-2 (Flk-1/KDR),dressed in VEGF mutants since the dispersal of early
blood cells is absent. VEGFR-3 (Flt-4), and Neuropilin-1. Each of these recep-
tors binds multiple VEGF-related ligands, the complexityDrosophila and other invertebrates do not have endo-
thelial cells, at least by the criteria used to define them of which makes dissection of the role of each ligand
problematic. The majority of functional studies have thusin vertebrates. Thus, if the fly has maintained the ancient
program shared by a common ancestor, the VEGF sys- relied on murine knockouts for each receptor subtype.
During murine development, the VEGFR-2 is ex-tem was originally used to position blood cells through-
out the developing organism (as shown in the current pressed in embryonic mesoderm closely apposed to
visceral endoderm in regions that give rise to the YSpaper), and later coopted to generate the vascular net-
works required to distribute blood cells in larger animals. blood islands, endocardium, and dorsal aorta. Targeted
disruption of the mouse VEGFR-2 gene leads to lethalityThis might suggest that endothelial cells are derived
from blood precursors. Most experimental observa- in early embyrogenesis due to an almost complete lack
of endothelial cells and YS blood islands (reviewed intions, however, support the opposite, i.e., derivation of
blood cells from populations with endothelial character- Ferrara, 1999). The disruption of the VEGF-A gene shows
a similar phenotype to the VEGFR-2 mutant in that noistics. For example, endothelial populations within the
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blood or blood vessels are made. Despite the lack of the VEGFR-1 is expressed on mammalian monocytes
both blood and blood vessel production in the VEGF-A and macrophages and these cell types have been shown
and VEGFR-2 knockouts, in vitro differentiation of to home to sites of VEGF-A and PlGF production by
VEGFR-2/ES cells leads to robust production of blood chemotaxis (Ferrara, 1999). It is also known that verte-
as well as endothelial precursors (Ferrara, 1999). This brate monocytes deficient for the c-Fms receptor, in
is surprising given that mutant embryos form so few of both mice and zebrafish, do not migrate properly during
these cell types. VEGF signaling, at least through the development or in response to inflammatory stimuli. Per-
VEGFR-2, thus appears not to be required to differenti- haps these receptors have maintained the presumable
ate blood and endothelial cells from their precursors ancestral functions of the VEGFR system as observed
per se but, similar to the role of VEGF in Drosophila in the fly. The current paper highlights the importance
hemocyte and border cell migration (Heino et al., 2001, of VEGF signaling in the developmental migrations of
Cho et al., 2002, Duchek et al., 2001), may recruit blood blood cells, and prompts a detailed examination of the
and endothelial progenitors to the correct sites for differ- role of vertebrate VEGFs in embryonic hemangioblast,
entiation. angioblast, and HSC migrations.
Evolution and Specialization of VEGF Signaling
Selected ReadingTargeted disruption of each of the murine VEGFRs yields
distinct embryonic phenotypes. Whereas VEGFR-2/
Bennett, C.M., Kanki, J.P., Rhodes, J., Liu, T.X., Paw, B.H., Kieran,mice show a block in both blood and endothelial cell
M.W., Langenau, D.M., Delahaye-Brown, A., Zon, L.I., Fleming, M.D.,
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1 and VEGFR-3 genes result in specific vascular defects Cho, N.K., Keyes, L., Johnson, E., Heller, J., Ryner, L., Karim, F.,
(reviewed in Ferrara, 1999). VEGF-R1 knockout mice and Krasnow, M.A. (2002). Cell 108, this issue, 865–876.
die at approximately E9 due to a highly disorganized Cumano, A., and Godin, I. (2001). Curr. Opin. Immunol. 13, 166–171.
vasculature. This disorganization appears to result from Dieterlen-Lievre, F., Godin, I., and Pardanaud, L. (1996). Curr. Top.
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dothelial cells. The overabundance of endothelial cell Duchek, P., Somogyi, K., Jekely, G., Beccari, S., and Rorth, P. (2001).
progenitors thus appears to confuse normal patterning Cell 107, 17–26.
of the early vasculature, supporting a role for VEGFR-1 Ferrara, N. (1999). J. Mol. Med. 77, 527–543.
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velop normal YS blood islands but fail to form specific Herbomel, P., Thisse, B., and Thisse, C. (1999). Development 126,
vascular structures in the head and heart, resulting in 3735–3745.
embryonic lethality by E12.5. The VEGFR-3 also appears Jaffredo, T., Gautier, R., Brajeul, V., and Dieterlen-Lievre, F. (2000).
Dev. Biol. 224, 204–214.critical for the later development of the lymphatic system
(reviewed in Yancopoulos et al., 2000). These findings Keller, G., Lacaud, G., and Robertson, S. (1999). Exp. Hematol. 27,
777–787.highlight the diversification of VEGFR signaling from its
Lanot, R., Zachary, D., Holder, F., and Meister, M. (2001). Dev. Biol.putative ancestral function of guiding blood cell mi-
230, 243–257.gration.
Lebestky, T., Chang, T., Hartenstein, V., and Banerjee, U. (2000).Aside from the three known VEGFRs, there are many
Science 288, 146–149.closely related RTKs, including the platelet-derived
Medvinsky, A.L., Samoylina, N.L., Muller, A.M., and Dzierzak, E.A.growth factor (PDGF)/ receptors, the M-CSF receptor
(1993). Nature 364, 64–67.(c-Fms), Flt3, and c-Kit. Homology searches suggest
Nishikawa, S.I. (2001). Curr. Opin. Cell Biol. 13, 673–678.that there is only one VEGF-like receptor in flies (Duchek
Palis, J., and Yoder, M.C. (2001). Exp. Hematol. 29, 927–936.et al., 2001), whereas in vertebrate evolution, there have
Rehorn, K.P., Thelen, H., Michelson, A.M., and Reuter, R. (1996).been at least two duplication events leading to many
Development 122, 4023–4031.highly related receptors, as well as a broad diversity of
Rousset, D., Agnes, F., Lachaume, P., Andre, C., and Galibert, F.ligands that are also thought to have been derived from
(1995). J. Mol. Evol. 41, 421–429.gene duplications. The genes encoding the PDGF and
Tepass, U., Fessler, L.I., Aziz, A., and Hartenstein, V. (1994). Develop-c-Fms receptors are clustered on human chromosome
ment 120, 1829–1837.5q, and the PDGF and c-Kit receptors are similarly
Yancopoulos, G.D., Davis, S., Gale, N.W., Rudge, J.S., Wiegand,clustered on human chromosome 4q; adjacent to each
S.J., and Holash, J. (2000). Nature 407, 242–248.of these clusters is the VEGFR-3 and VEGFR-2 gene,
Zon, L.I. (1995). Blood 86, 2876–2891.respectively. This suggests, and sequence comparisons
support (Rousset et al., 1995), that these genes were
derived from tandem duplications and genome duplica-
tions during evolution. Further understanding of the evo-
lution of VEGF receptor superfamily would be greatly
facilitated by sequence information from transitional or-
ganisms such as protochordates. While closest in ho-
mology to the mammalian VEGFR, the Drosophila
VEGFR gene shows homology with the PDGFR so has
also been termed PVR for PDGF/VEGF-related receptor
(Duchek et al., 2001).
The studies in the fly may thus provide insight into
the original function of this RTK family. For instance,
